The complete protein precursor of human kidney renin has been determined from the sequence of cloned genomic DNA. The gene spans 12 kilobases of DNA and is interrupted by eight intervening sequences. The nine regions (exons) encoding the protein were mapped with a mouse renin cDNA probe, synthetic oligonucleotide probes, and by hybridization of genomic restriction fragments to a 1600-nucleotide human kidney mRNA. The predicted 403-amino acid preprorenin consists of mature renin and a 66-residue amino-terminal prepropeptide. The DNA sequence 5' to the first exon indicates the location of a transcriptional promoter (T-A-T-A-A-A) for a mRNA encoding preprorenin. An additional transcriptional promoter site is located within the first intron, which, if used, would express a shortened nonsecreted prorenin. The structure of the human renin gene is similar to that of human pepsinogen, a closely related aspartyl protease enzyme. This observation suggests that renin and pepsinogen have a common evolutionary origin.
Renin is an endocrine hormone catalyzing the first step in a cascade of factors that modulate arteriole blood pressure. It hydrolyzes a single peptide bond in the circulating globulin, angiotensinogen, releasing the amino-terminal decapeptide angiotensin I. The absolute specificity of renin is in contrast to other aspartyl proteases, which act on a broad range of substrates (1) . The characterization of this specificity is of considerable pharmaceutical and medical interest. However, detailed biochemical analysis of the protein has been limited because the hormone is produced in such small amounts by its known physiological source, the juxtaglomerular cells of the kidney cortex. Renin purified from human tissue has shown variations in molecular weight and amino acid composition (2) (3) (4) .
We report here the isolation and sequence analysis of the human renin gene.
EXPERIMENTAL PROCEDURES Plaque Screening. A library of bacteriophage Charon 4A containing human fetal DNA (5) was grown in Escherichia coli strain LE392 (6) . Nitrocellulose filter (Schleicher & Schuell) replicas of -300,000 plaques were incubated in 2x NaCl/Cit (lx NaCl/Cit is 0.15 M NaCl/0.015 M Na citrate)/0.1% NaDodSO4/5x Denhardt's solution (lx Denhardt's solution is 0.02% polyvinylpyrrolidone/Ficoll (Pharmacia)/bovine serum albumin) at 55°C overnight and then hybridized (106 cpm per filter) to a mouse renin probe [la- beled to greater than 108 cpm/,g of DNA by nick-translation (7) in the presence of [a-32P]dATP and dCTP (New England Nuclear)] at 55°C for 24 hr in 2x NaCl/Cit/0.1% NaDodSO4/1x Denhardt's solution/10% dextran sulfate (Pharmacia). Filters were washed at 50°C in 0.1x NaCl/Cit/0.1% NaDodSO4 prior to autoradiography. Positive plaques were purified by standard methods (8) . Cloning procedures were according to National Institutes of Health guidelines.
Hybridization to Filter-Bound mRNA. RNA was purified (9) from human kidneys (obtained immediately postmortem or from surgical nephrectomy) and the poly(A)+ mRNA was fractionated using poly(U)-Sepharose (Bethesda Research Laboratories) column chromatography (10) . RNA dot hybridization assays involved spotting 1-10 jug of RNA directly onto activated diazobenzyloxymethyl paper (Schleicher & Schuell). Papers were prehybridized (14-16 hr) and then hybridized (24) (25) (26) (27) (28) hr) in 50% formamide as described (27) .
DNA Sequencing Methods. Genomic DNA fragments were subcloned into pUC9, pUC13 (11), or pUR222 (12) DNA sequencing procedures were according to Maxam and Gilbert (13) .
Oligonucleotide Synthesis. DNA oligomer probes were prepared on a Genetic Design (Watertown, MA) automated DNA synthesizer using a modification (14) of the phosphoramidate procedure of Caruthers (15) . Oligomers were purified by acrylamide gel electrophoresis.
Peptide Numbering Convention. To clarify the relationship of this predicted renin sequence to other aspartyl proteases (16, 17) , the first amino acid of mature renin is designated 1. References to the predicted mouse submandibular preprorenin (18) and human prepepsinogen (19) sequences use their respective numbering systems.
RESULTS
Isolation of the Human Renin Gene. A cloned mouse submandibular gland renin cDNA probe (20) was used to screen 300,000 plaques of a X bacteriophage library of human genomic DNA. Ten positive plaques were purified to homogeneity and shown by restriction endonuclease mapping to represent six nonidentical, overlapping DNA fragments spanning 32.5 kilobases (kb) of the genome (Fig. 1A) Location of Exons by Using Kidney mRNA Blots. Subcloned genomic DNA fragments were labeled by nick-translation and hybridized to filter-immobilized human kidney poly(A)+ RNA (dot blots). In this assay, positive hybridization indicated the presence of coding sequence in the genomic DNA fragment. Initially, large restriction fragments were tested, and those that proved positive were successively subdivided and rehybridized to the mRNA (Fig. 1B) . In addition to XH10-EP2.3 (described above), the XH10-E3.4 and -E2.8 fragments were positive in this assay. The XH10-EO.9 fragment was negative. Hybridization to kidney renin mRNA was localized to Rsa I fragments of 800 and 400 bases in the XH10-E2.8 subclone and to a 1600-base EcoRI/Xba I fragment in the XH10-E3.4 subclone. These three fragments encoded exons 2, 3, 4, and 5 based on subsequent DNA sequence analysis. When this strategy for the location of exons was applied to genomic fragments 5' to exon 2, extensive hybridization to human Alu-like repetitive sequences (22) was seen (unpublished work). The presence of these Alu-like sequences necessitated the use of the synthetic 21-mer probe described above.
Prediction of mRNA Sequence. The boundaries of exons were positioned by searching the genomic DNA sequence for consensus splice junction (G-T/A-G) sequences (23) and by comparing the predicted spliced mRNA sequence with that of mouse submandibular renin (17) . When this predicted mRNA sequence was compared with the recently published human kidney renin cDNA sequences (21, 24) , only the splice site of intron H had to be revised.
DISCUSSION
Restriction mapping and partial seqtence analysis of cloned human genomic DNA fragments have revealed the structure of the human renin gene (Fig. 1) . The amino acid sequence of human preprorenin was deduced from the DNA sequence (Fig. 2) . This precursor contains a signal peptide consisting of an initiating methionine followed by several charged residues and a hydrophobic leucine-rich region. The actual site of signal peptide cleavage has not been experimentally determined for any renin. Structural homologies to other signal peptides predict that cleavage could occur after glycine-(-49), cysteine-(-47), or glycine-(-44), resulting in a signal peptide of 18, 20, or 23 amino acids. The assignment of the amino terminus of the mature human renin enzyme to leucine-(+1) is based on sequence homology with mouse submandibular renin whose amino terminus has been determined experimentally (16, 18) . Activation of the human and mouse prohormones, therefore, occurs by removal of the precursor peptide at paired basic residues [lysine-(-2)/lysine-(-1) in human renin], a common mechanism in the processing of hormone precursors. Other paired basic residues [lysine-(-35)/arginine-(-34), lysine-(-30)/arginine- (-29) acid sequence to the 338-residue mouse enzyme. The two coding nucleotide sequences are 77% homologous. Purified mouse submandibular renin may be cleaved into a 288-amino acid A peptide and 48-amino acid B peptide at paired arginine residues (16, 18) . There is currently no published evidence that human renin is cleaved into a two-peptide enzyme. Moreover, recent biosynthetic studies in the mouse suggest that the two-chain form of submandibular renin may not be an obligatory intermediate in the activation pathway of the enzyme (25, 26) .
Human renin, which is reported to be a glycoprotein (4) , has two presumptive N-glycosylation sites, Asn-Thr-Thr (positions 5-7) and Asn-Gly-Thr (positions 75-77). These sites are located in exons 2 and 4, respectively, placing them near the amino terminus of the mature renin enzyme and on separate domains from the catalytically important aspartic acid residues. The mouse submandibular renin, a nonserum protein, lacks any recognizable glycosylation acceptor sites (16, 18) .
The positions of aspartates-38 and -223 (residues 32 and 215 in the pepsin numbering) and the conservation of flanking residues between aspartyl proteases indicate that they are the two acidic groups directly involved in the renin catalytic activity (17) . From the gene sequence, it is clear that these aspartic acid residues lie in the middle of separate exons, suggesting that these domains may contribute to the structure of the active site.
Alternative Exon-Intron Junctions. It is possible to predict splice junctions for all eight introns using homologies to the splice site consensus sequence G-T/A-G (23) and to the sequence of mouse submandibular renin cDNA. By this method, exon junctions with introns D, E, and F were unambiguous. There are, however, alternative splice sites for introns A, B, C, G, and H that retain reasonable homology to the mouse sequence (Fig. 4) . The junctions shown in Fig. 4 correspond to those found in the human kidney cDNA sequence (21, 24) . Alternative splice sites could result in significant changes to the translated sequence. For example, the alternative sites for introns A and C would eliminate basic residues in exon 2 and a cysteine residue in exon 3, respectively. Such changes could affect both the processing and the structure of the human renin precursor peptide.
Polymorphism. The only difference between the sequence of human renin mRNA predicted from the gene (Fig. 2) 10 min each) at room temperature in 2x NaCl/Cit. (A and C) Results of hybridization of the 20-mer to XH10 DNA. *, Amino acid residues conserved in all known aspartyl proteases; +, amino acid residues conserved in mammalian aspartyl proteases; X, mismatch of the oligonucleotide probe relative to the determined human renin gene sequence. The lanes of the agarose gel and corresponding filter autoradiograph are as follows: Std., HindIII-digested X DNA molecular weight standard; E, EcoRI digest; P, Pst I digest; E/P, EcoRI/Pst I digest. (B and D) Results of hybridization of the 21-mer to XH6-H3.5 and XH1O-E2.8DNAs. *, Amino acid residues conserved between human and mouse preprorenins; X, mismatch of the oligonucleotide probe relative to the determined human renin gene sequence. The lanes of the agarose gel and corresponding filter autoradiograph are as follows: Std., HindIII-digested X DNA and Hae III-digested 4X174 DNA molecular weight standards; E, EcoRI digest; Xb, Xba I digest; R, Rsa I digest. sequenced a renin structural allele different from that described by others.
Regulatory Regions of the Renin mRNA. DNA sequencing 5' to the region encoding the signal peptide indicated a Hogness box ("TATAAA") sequence at -73 nucleotides from the initiation codon. Comparing this human renin sequence with the 5' untranslated region of the human pepsinogen gene (19) , the mouse submandibular renin cDNA (18) , and the human kidney cDNA (21) (28) .
There is a standard polyadenylylation signal sequence (A-A-U-A-A-A) 184 nucleotides after the translation termination UGA codon. Thus, the calculated size of the mRNA is 1448 nucleotides plus poly(A) tail. This is consistent with the estimated length of the kidney message (1550-1600 bases) using denaturing agarose gel electrophoresis (27) .
Comparison of Human Renin and Pepsin Genes. The structures of human renin and human pepsinogen genes are remarkably similar (19) . Both genes are split by eight intervening sequences, all occurring in the protein coding region. In addition, the size of the corresponding exons and the location of introns in the expressed (mRNA) gene sequence for renin and pepsinogen are nearly congruent ( Table 1) . The major exception is exon 1, which encodes a longer renin prepropeptide (46 residues versus 33 residues in human pepsinogen). However, this exon does not contribute to the structure of the mature enzyme. There is also 66% homology between the amino acid sequences of exon 3, which includes the first catalytic aspartyl residues for both human renin and human pepsinogen. This conservation of sequence (Table 1) is exceptional relative to the rest of the enzyme and certainly differentiates it from exon 7 (33%), which carries the other catalytic aspartic acid residue.
The similarities in the structure of the human renin and human pepsinogen genes support the view that the mammalian aspartyl protease family of enzymes (which includes chymosin and cathepsin D) share a common protein structure essential for activity (17 pepsin cleaves at all internal aromatic residues whereas renin, the most specific of this group of enzymes, cleaves at only one site in a single peptide substrate, angiotensinogen. Moreover, individual mammalian renins exhibit reduced activity with other mammalian angiotensinogens (29) . Thus, specific amino acid side chains at the active site cleft of human renin and species-specific structural features of angiotensinogens (T. Blundell, personal communication) must contribute to the stringent specificity of the human reninangiotensin interaction. The nucleic acid and predicted amino acid sequences of human renin and human pepsinogen (19) were compared for homologous sequence within the peptide coding region. Where corresponding exons of either renin or pepsinogen differed in size, the smaller exon was gapped so as to align the remaining amino acid sequence with maximum homology. *Expressed as number of amino acid residues. tExon containing catalytic aspartic acid residues.
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